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ABSTRACT 

We present Australia Telescope Compact Array radio data of the dwarf irregular 
galaxy ESO 324-G024 which is seen in projection against the giant, northern lobe 
of the radio galaxy Centaurus A (Cen A, NGC 5128). The distorted morphology 
and kinematics of ESO 324-G024, as observed in the 21 cm spectral line emission of 
neutral hydrogen, indicate disruptions by external forces. We investigate whether tidal 
interactions and/or ram pressure stripping are responsible for the formation of the Hi 
tail stretching to the northeast of ESO 324-G024 with the latter being most probable. 
Eurthermore, we closely analyze the sub-structure of Cen A’s polarized radio lobes to 
ascertain whether ESO 324-G024 is located in front, within or behind the northern 
lobe. Our multi-wavelength, multi-component approach allows us to determine that 
ESO 324-G024 is most likely behind the northern radio lobe of Cen A. This result 
helps to constrain the orientation of the lobe, which is likely inclined to our line of 
sight by approximately 60° if NGC 5128 and ESO 324-G024 are at the same distance. 

Key words: galaxies: individual (ESO324-G024, NGC 5128) — galaxies: dwarf galax¬ 
ies, radio galaxies 


1 INTRODUCTION 

According to concordance simulations employing cold dark 
matter particle physics with a flat Euclidean geometry, the 
well-known ACDM cosmology, the massive galaxies we ob¬ 
serve today were assembled through the coalescence of many 
smaller systems. It was thought up until recently, that the 
dwarf galaxies observed in the local Universe were the left¬ 
over remnants of this earlier epoch of massive galaxy forma¬ 
tion. Hence, dwarf galaxies, which are the most abundant 
types of galaxies, were generally regarded as the ‘building 
blocks’ of large galaxies ( Hodge, Hunter Oey|[2Q03 Van- 
sevicius et al.||2004 ). 


There are examples locally of dwarf galaxies being ac¬ 
creted by larger galaxies as in the cases of the Fornax dwarf 
spheroidal galaxy ( Yozin fc Bekki|2012 ) and the Sagittarius 
stream (Lynden-Bell & Lynden-Bell 1995) who are being 


accreted by the Milky Way. However, recent studies have 
shown that the dwarf galaxies we observe in the nearby 
Universe, may have actually formed later, after the most 
massive galaxies coalesced ( Tosi|[2003 Guo White|[2009 


Paudel et al.|201Q Guo et al.|2011 ). Nevertheless, the prop¬ 
erties of dwarf galaxies, in particular their low metallici- 
ties, low shear, and shallow gravitational potential wells, re¬ 
semble the conditions in the early Universe when massive 
galaxies formed and therefore, make excellent laboratories 
for studying how stars formed in the early Universe. 

An example of a large galaxy in the process of accret¬ 
ing its satellite galaxy neighbors is the giant elliptical galaxy 
NGC 5128, which contains the bright radio source known as 
Centaurus A (Cen A). Its enormous radio lobes span about 
9° X 4° on the sky (Cooper et al. 1965 Junkes et al. 


1993 Morgan!i et al.|[l999 Feain et al. 2011), which cor¬ 

responds to a total north-south extent of at least 600 kpc 
at our adopted distance of 3.8 zb 0.1 Mpc (Harris et al 


2010 ). Table lists some global properties for NGC 5128 
and ESO 324-G024 and Figure shows 1.4 GHz radio con¬ 
tinuum emission of Cen A as mapped with the 64-m Parkes 
Telescope ( Calabretta et ar]|2014| as well as the Hi emis¬ 
sion of the surrounding companion galaxies obtained with 
the Australia Telescope Compact Array (ATCA) as part of 
the ‘Local Volume Hi Survey’ (LVHIS, [Koribalski]|2008 ). 

NGC 5128 containsmany features including a supermas- 
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sive black hole in its central core (see e.g., Cappellari et al. 
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2009 and references therein), which is actively accreting ma¬ 
terial and producing a jet that can be seen in X-ray emission 
( Kraft et al.|2002| and radio continuum (Schreier, Burns, & 
Feigelson||1981 ). The X-ray jet is highly collimated and ex¬ 
tends a projected kpc (at our adopted distance) north¬ 
east from the nucleus of NGC 5128 at an average sky po¬ 
sition angle of ~55° (Schreier et ah [Schreier, Burns, 


fc Feigelson||1981| Kraft et al.||2002 ). NGC 5128 has a dust 

lane that extends across its stellar disk (e.g. Malin, Quinn, 
fc Graham|1983 ) and arcs of stellar shells that stretch n early 
15' in radii and provide evidence of its merger history ( |Ma- 
lin, Quinn, fc Graham] p983[ [Malin fc Hadley ||1997[ [Peng 


et ah 2002| an d references therein). It contains Hi ( jSchimr 
novich et ah 1994 Struve et al.||2010 ) shells that harbor 
molecular gas as traced by CO ( jCharmandaris et M^|2000 ) 
and these features extend ~15 kpc, as far as the outermost 
stellar shells, along the direction of the jet. NGC 5128 is 
sometimes classified as an SO object in the Hubble galaxy 
classification scheme because of its prominent dust lane (de 
Vaucouleurs et al.|1991 ). It is believed in the literature that 
NGC 5128 is likely in the process of transitioning from a gas- 
rich spiral galaxy to a relatively gas-poor elliptical galaxy 
( Malin Hadley|1997 ) or vice versa ( Han et al.|2008 ). 

For a comprehensive review of Gen A and its host 


galaxy NGC 5128 see, e.g., Israel (1998); Feain et al. (2011); 
O’Sullivan eraI1 ( [M^ ; |Eilek| ( |2014| i: 


From Figure we see that the Centaurus A galaixy 
group is rich in dwarf irregular (dirr) galaxies. Two objects 
stand out as they appears in projection against the northern 
radio lobe of Gen A. The edge-on gas-rich disk galaxy ESO 
270-G017 has a distance that is not well determined as it 
was derived from the Tully-Fisher relation. Therefore, it is 
likely that this galaxy is not even part of the Centaurus A 
galaxy group as it has a systemic velocity that differs ~300 
km s“^ from that of NGC 5128. 

ESO 324-G024, on the other hand, has a distance of 
3.73 ± 0.43 Mpc, as determined from the the tip of the 
red giant branch (TRGB) ( [Karachentsev et al.j2002 ), which 
implies that its distance is nearly the same as NGC 5128; 
ESO 324-G024 is the focus of this paper. It lies a projected 
104 kpc north of NGC 5128’s core, which means ESO 324- 
G024 could possibly be inside the northern radio lobe. We 
explore the implications for this unique scenario and aim to 
understand whether tidal interactions and/or ram pressure 
stripping are responsible for its peculiar Hi morphology. 

Several other dwarf galaxies reside close to Gen A, al¬ 
though ESO 324-G024 is likely the closest dIrr to NGC 5128. 
The closest dwarf spheroidal (dSph) galaxies to NGC 5128 
are possibly KKs55 and KK 197, separated by 0.66° and 
0.79° , respectively, with TRGB distances of 3.94±0.27 Mpc 
and 3.87±0.27 Mpc ( [Karachentsev etltr 2002). Both of these 
dSph objects have not been detected in HI. The position 


and TRGB distance (3.98 ± 0.29 Mpc; Karachentsev et al. 
2002) of the dwarf irregular galaxy AM1318-444 (KK 196) 
suggests it is in or beyond the southern lobe of Gen A. The 
possibility of it having passed through the radio lobe, caus¬ 


ing any of the observed filaments in the area (Eeain et al. 


2011) is investigated and dismissed as unlikely by Wykes et 


al. (2014). 


Our paper is organized as follows: Section describes 
the data that we will use in our investigation. Section 
explores the geometry of Gen A’s radio lobe with respect to 
ESO 324-G024, Section|^dissects the gas kinematics of ESO 
324-G024, Section contains the discussion, and Section 
concludes our paper with a summary. 


2 ESO 324-G024 DATA AND ANALYSIS 

To investigate the dwarf galaxy ESO 324-G024 and its sur¬ 
roundings, we use a suite of multi-wavelength data, including 
Hi spectral line data from the ATCA, as well as Parkes and 
ATCA 1.4 GHz radio continuum and polarization data of 
Gen A. 


2.1 Hi Spectral Line Data 

ATGA 21 cm observations were obtained in September 1998 
in three arrays (375, 750D and 1.5D) with on-source integra¬ 
tion times of 600, 420, and 560 minutes, respectively. The 
8 MHz bandwidth was divided into 512 channels, giving a 
channel width of 3.3 km s“^ and a velocity resolution of 4 
km s“^. The data are part of the ‘Local Volume Hi Survey’ 


(LVHIS) project (Koribalski 2008). The Natural-weighted 
Hi cubes have a resolution of 6675 x 4373 and an rms of 3.5 
mJy beam“^. 

We measure an integrated H i flux den sity of 51.3 Jykm 


s , in agreement with the HIPASS value (Koribalski et al. 


2004). Assuming D = 3.73 Mpc, we derive an Hi mass of 
Mhi = 1.3 X 10® Mq; scaling by 1.4 to account for helium 


and metals ( Oh et aL][2008 and references therein) gives a 
total gas mass of 1.8 x 10* Mq. The molecular gas content 
in ESO 324-G042 is expected to be minimal (see e.g., [Leroy 
et al.|2006 iB^uyle et al.[|2006 ). 

Eigure [^ shows an Hi intensity contour of ESO 324- 
G024 overlaid onto the high spatial resolution ATGA + 
Parkes radio continuum image of Gen A from [Eeain et al.[ 
(2011). There are some residual imaging artifacts present in 


^ The Digitized Sky Surveys (DSS) were produced at the Space 


the ATGA + Parkes image, but, the detailed structure of the 
northern lobe and the true scale size of the Hi distribution 
of ESO 324-G024 is visible. Eigure also shows integrated 
Hi intensity contours that depict a striking Hi tail that ex¬ 
tends roughly 3.5 kpc in projection from the main body of 
the disk. To better see the morphology of the Hi features in 
ESO 324-G024, we examine individual channel maps shown 
in EigureThe Hi tail is prevalent in nearly every channel. 

2.2 Ancillary Data 

We study the stellar component in ESO 324-G024 using 
Rj—band optical photometry from the SuperGOSMOS sky 


Telescope Science Institute under U.S. Government grant NAG 
W-2166. The image used in this work is based on photographic 
data obtained using the UK Schmidt Telescope. The plates were 
processed into the present compressed digital form with the per¬ 
mission of this institution. The UK Schmidt Telescope was oper¬ 
ated by the Royal Observatory Edinburgh, with funding from the 
UK Science and Engineering Research Council (later the UK Par¬ 
ticle Physics and Astronomy Research Council), until 1988 June, 
and thereafter by the Anglo-Australian Observatory. 
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Table 1. Global Parameters for NGC 5128 and ESO 324-G024 


Parameter 

NGC 5128 

ESO324-G024 

Ref 

Other Names 

Centaurns A, HIPASS J1324-42, 
AM 1322-424, ESO 270-IG009 

PGC 047171, HIPASS J1327-41, 
AM 1324-411, UKS 1324-412 

1 

D ± (jd (Mpc) 

3.8 ± 0.1 

3.73 ± 0.43 

2, 3 

Optical Centre (RA, DEC) (J2000) 

(13h25"^28.97 -43° 01' 00" ) 

(13^27^37.47 -41° 28' 50" ) 

4 

Optical major-to-minor axis ratio {h/a) 


0.68 

* 

Inclination, L of stellar disk 


53? 3 

* 

Mb 

-20.48 

-15.39 

3 

Usys (km s“^) 

556 ± 10 

528.1 

4 * 

Ulg (km s“i) 

338 

282 

4 * 

Fhi (Jy km s-i) 

91.8 ± 13.2 

47.5 ± 5.5 

4 

Total Hi mass (Mq) 

4.37 X 10^ 

1.30 X 10^ 

4 

12 + log (O/H) 

8.52 ± 0.03 

7.94 ± 0.11 

5,6 

Total stellar mass (Mq) 

2.2(±0.4) X lO^i 

1.7 X 10^ 

7, * 

log Lho (erg S“1) 


39.22 

8 

FUV (mag) 


-14.2 ± 0.02 

* 

WISE 22/xm (mag) 


-9.031 ± 0.391 

* 


References. — *Indicates this work.; ( 1 ) NASA Extragalactic Datab ase; (2) [Harris et al.|(| 2010 |; ( 3) [Karachentsev et aL]( 20 Q 2 | >; (4) 
from HIPASS survey, jKoribalski et al.| (2004|; (5) [Walsh et al.| ( [ 2012 | ; ( 6 ) [Lee, Zncker, fc Grebel| ( |2007| >; (7) |Deason et al .| ( |2012 assuming 
a Salpeter IMF); ( 8 ) [Kennicutt et al.f (2008 I 


survey ( Hambly et al.|2001a| ), GALEX ultraviolet data ( jLeej 
et al.| 20 lT ), Ha photometry ( [Lee et alT 2009| ), and Wide-field 
Infrared Survey Explorer (WISE) 22/im data. Figurej^shows 
the Hj—band surface brightness profile from the SuperCOS- 
MOS survey ( Hambly et al.|2Q01a| ), which we converted into 
a mass surface density profile derived from the Hj—band 
surface brightness profile which is measured from images 
from the SuperCOSMOS survey (Hambly et al. 2001 a|) 


ing the mass-to-stellar light ratio method from 


(2003). We used a global B — R color taken from Lauberts & 


us- 


Bell et al. 


Valentijn (1989) rather than direct measurements from the 
SuperCOSMOS images because of the color shifts of the Su¬ 


perCOSMOS images as described in Hambly et al. ( 2001 b). 


We determine an inclination of the stellar disk, i = 53.3° 
using the relationship, cos i = ? where 5/a is the 

minor-to-major axis ratio derived from the Hj—band pho¬ 
tometry data and qo = 0.4 is the intrinsic disk thickness for 
dirrs ( van den Bergh[19^ ). We derive a total stellar mass of 
1.7 X 10^ Mq for ESO 324-G024 and determine a half-light 
radius in H—band, i.e., effective radius. Re = 830 zb 10 pc. 


ESO 324-G024 has a star formation rate (SFR) of 1.6 

loyr^' 


determined by Lee et al. (2009) from the Ha imaging survey, 
IIHUGS ( Kennicutt et al.||2008 ). Comparatively, we deter¬ 
mine an independent SFR following the method outlined 


by Calzetti, Liu, & Koda (2012) by combining the GALEX 


far-UV (FUV) data and the WISE 22 /xm data for ESO 324- 
G024. From this method, we determine that ESO 324-G024 
has a SFR of 1.14 (zb0.17) x 10“^ Mq yr“^, which is simi¬ 
lar to the value derived from Ha alone. We determine a star 
formation rate surface density Ssfr = 5 — 9 x 10“^ Mq 
yr“^ kpc“^. 


3 IS ESO 324-G024 INSIDE THE NORTHERN 
RADIO LOBE OF NGC 5128? 

ESO 324-G024 lies a projected 104 kpc from the core of NGC 
5128 at a distance of 3.73 Mpc. The northern radio lobe of 
NGC 5128 extends for ~300 kpc in the north-south direc¬ 


tion and roughly 200 kpc in the east-west direction (Stawarz 
et al.|2013 see Figure]^. However, the 3D volume and 


orien¬ 
tation of the lobes are not well known. Based on the observed 
Hi absorption against the jet in the southern lobe and the 


lack of absorption in the northern lobe, Struve et al. (2010) 


suggest that the northern inner lobe is pointed toward our 
line of sight while the southern inner lobe is pointed away. 
There have been studies on the inner jet angle to the line of 


imately 50° 
emission. 


sight. Hardcastle & Croston (2011) hnd an angle of approx- 


agrees with their models for the TeV 7 —ray 


Muller et al. (2014) use high resolution VLBI data 


and hnd for the inner subparsec scale, a jet angle to the 
line of sight somewhere between 12 ° — 45° from estimat¬ 
ing the jet-to-counter jet ratio. Unfortunately, determining 
the exact angle at which the giant lobes are oriented in the 
plane of the sky is complex and difhcult and thus, the 3D 
orientation and volume is still unknown. 

To get a handle on whether ESO 324-G024 lies in front 
of, inside, or behind the northern radio lobe, we turn to the 
radio continuum data of Cen A. For our analysis, we study 
the Faraday rotation measure (RM), which is the rotation 
in the angle of polarization of linearly polarized electromag¬ 
netic radiation as it passes through a magnetized thermal 
plasma ( Feain et al.|2009| ). Figure]^ shows the Parkes polar¬ 
ization intensity and RM maps from jO’ Sullivan et al. (2013) 
combined with ATCA data for a spatial resolution of about 
1 ' (1 kpc) with the outer Hi intensity contour of ESO 324- 
G024 overplotted for reference. If ESO 324-G024 were in 
front of the lobe, then we would expect the background po¬ 
larization emission from Cen A to be depolarized as it passes 
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Figure 1. The Cen A galaxy group: In this composite image the giant radio lobes of the Cen A galaxy are shown using the CHIPASS 
1.4 GHz (20 cm) continuum emission (Calabretta et al. 2014), while the neighboring gas-rich galaxies are highlighted using the ATCA 
Hi intensity maps from the LVHIS project (Koribalski 2008). The latter are enlarged by a factor ten and color-coded to reflect their 
relative distances to Cen A. The galaxy name and distance (in Mpc) is annotated in the figure. — This composition was inspired by the 
Chung et al. (2009) image of the gas-rich Virgo cluster galaxies. 


through the foreground dwarf. However, at the location of 
ESO 324-G024, there is no depolarization signature in the 
lobe of Cen A as can be seen in Figure [5 (a) [ and there is no 
signal in the RM map (Figure [5(b) | ). Together, these results 
suggest that ESO 324-G024 is behind the radio lobe. As an 


analog to this scenario, Fomalont et al. (1989) show strong 


depolarization in the radio lobe of Fornax A at the location 
of NGC 1310, a spiral Sc galaxy, and the authors conclude 
that the only explanation for such depolarization must be 
that the galaxy is lying in front of the lobe. 

On the other hand, dwarf galaxies are known to have 
very low star formation rates compared to spiral galaxies 
(Hunter & Elmegreen 2004), albeit comparable star for¬ 


mation efficiencies (Leroy et al. 


2008 


Huang et al. 2012). 


Therefore, it is plausible that ESO 324-G024 simply does 
not contain enough magneto-ionic material to cause a depo¬ 
larization signal in the northern lobe of Cen A. We investi¬ 
gate if this is the case by determining the minimum rotation 
measure dispersion, ctrm, required to show depolarization in 
the lobe. We would expect to see depolarization of the syn¬ 
chrotron emission from Cen A coincident with the galaxy 


if it were lying in front of or inside the lobe. Thus, if the 
polarized emission of the radio lobe is behind the dwarf, the 
formalism of Burn (1966) applies, as we expect that turbu¬ 
lent cells in ESO 324-G024 are significantly smaller than the 
~1 kpc resolution of the continuum datc[j In this case, the 
ratio of the observed polarized intensity to the polarized in¬ 
tensity expected in the absence of depolarization, known as 
the depolarization factor, is ( Burn|19^ ): 


P = 


-^observed 

L/CenA 


(- 2 A^ 

= e^ 


( 1 ) 


where L is the linearly polarized intensity, A = wavelength = 

21.4 cm, and ctrm the standard deviation of the rotation 
measures within the beam. From Figure 5(a)| the average 
polarized intensity through the dwarf galaxy is ^observed ~ 

2.4 mJy bm“^, while the average polarized intensity of 


^ N.B., although the data shown in Figurej^are ATCA + Parkes 
data, the majority of the flux in the maps comes from the Parkes 
telescope, which has a beam size of 16 kpc at the distance of ESO 
324-G024, which would only make this assumption more viable. 
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Figure 2. (a) High spatial resolution ATCA + Parkes 1.4 GHz radio continuum image from [^ain et aT] l |201l} with three features 
(filament, ring and shells) marked. Overlaid is the outermost Hi contour of ESO324-G024 (to scale) in white, surrounded by a white box 
which corresponds to the image in panels (b) and (c). (b) Integrated Hi intensity contours overlaid on intensity-weighted integrated Hi 
velocity field, (c) Optical RGB composite image made from the SuperGOSMOS Bj— and R—bands and the DS^/— band image with 
Hi intensity contours overlaid. The Hi intensity contours in panels (b) and (c) are at Hi column densities A^hi = 2, 6 , 10, 14, and 18 x 
10^® cm“^. The resolution of the Hi data for ESO 324-G024 is shown by the oval in the bottom left corner of panel (b) and the letters 
a, b, c, and d demarcate the locations where line profiles were derived (see Section [ tT] for details). 


the surrounding medium of Cen A near ESO 324-G024 is 
^CenA ~ 3.3 mJy bm“^. Thus, p > 0.7 and, therefore, 
if ESO 324-G024 were in front of Gen A, we would have 
<^RM < ~ lii(p)/(2A^), so ctrm < 9radm“^. As we discuss 
in the next section, this would be a very low value given 
the estimated random magnetic field and electron density 
in ESO 324-G024. We therefore conclude that it is unlikely 
that the dirr is in front of the Gen A lobe. 


3.1 Are there magnetic fields in ESO 324-G024? 

In order to determine the rotation measure dispersion for 
ESO 324-G024, we first attempt to estimate the magnetic 
field strength in ESO 324-G024. To date, only a handful 
of dwarf galaxies have detectable radio halos and magnetic 
fields (see e.g., Kepley et al. |Mq 1 [MT| [Heesen et al.|2011| 


Ghyzy et al.||2Qll| |2003[ |Mao et al.||2008| [Gaensler et al.| 
2005| ). Nearly all of these objects are classified as starburst 
dwarf galaxies as defined by McQuinn et al. ( 201Qa|b ), who 
show that these dirrs have sustained elevated SFRs for sev¬ 
eral hundred million years and that these rates of star for¬ 
mation are unsustainable over the lifetimes of the galaxies 
(McQuinn et al.||2010b). 

ESO 324-G024 has an Ha SFR of 1.9 x 10“^ Mq yr”^ 
(see Section 2.2) and a total gas mass of 1.8 x 10® Mq (see 


Section 2.1), which produces an upper limit on the gas con¬ 
sumption timescale Tgas ~ 13 Gyr, which is small compared 


to typical field dIrr galaxies (Hunter et al. 2012). Kenni- 


5 ' 


cutt et al.l (2008) find an integrated Ha equivalent width of 


44 zb 11 A for ESO 324-G024. We also examined the color 
magnitude diagram (GMD) of ESO 324-G024 from the pub¬ 
licly available Extragalactic Distance Database (Jacobs et 
aL]|2009 ) and find that ESO 324-G024 shows unambiguous 
signs of recent star formation based on the well populated 
blue helium burning branch and upper main sequence stars. 
Because of its GMD and short gas consumption timescale, 
which suggests that its recent SFR is elevated, we find that 
ESO 324-G024 has properties consistent with known star- 
burst dirr galaxies ( McQuinn et al.|[201Qa McQuinn et al. 


2011|[Hunter et al.|2012 ). Based on the Ssfr and magnetic 

field relationship identified by Ghyzy et al. (2011 see their 


Figure 7(a)) for the Local Group dirrs, we can crudely es¬ 
timate a magnetic field strength for ESO 324-G024 in the 
neighborhood of ~5 /xG. 

We can roughly estimate the ordered linear polariza¬ 
tion in ESO 324-G024 by making some assumptions of its 
electron number density, rxe, and path length, L, through 
the disk. From the three-dimensional kinematics Hi model 
(Section |4.2| ), we find that ESO 324-G024 has a disk scale 
height of 720 pc. According to Nicholls et al. (2014), iso¬ 


lated dirr galaxies have Ue values that range from 5 cm“® 
to ~100 cm“®, generally. For the path length, L, of ESO 324- 
G024, we use the approximate scale height determined from 


the three-dimensional modeling (see Section 4.2), which is 
probably an underestimation of the path length since the 
path length is often roughly twice the scale height. So, if we 
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Figure 3. Hi channel maps of ESO 324-G024 from the Hi data cube. The velocity of each channel, in km is given in the upper 
left corner and the optical center is marked with a cross. The contours are at Hi intensities of 5.4, 9, 14.4, 20, 30, 50, 70, and 100 mJy 
bm“^. The black oval in channels 460, 476, 544, and 560 marks the optical H—band radius at 25 mag arcsec“^. 


assume ne = 5 cm“^ and L = 720 pc we find an upper limit 
on the dispersion of the line-of-sight magnetic field in the 
galaxy to be, 

ctrm 


O'Bl 




= 0.3 fiG 


( 2 ) 


Ue X L 

This is likely inconsistent with our estimated 5 fiG magnetic 
field in the galaxy. 

The percentage of polarization in emission from gas 
with a magnetic field of 5 /xG in ESO 324-G024 is diffi¬ 
cult to determine, especially from this rough approximation. 


Vollmer et al. (2008) show in their 6 cm radio continuum 


data of NGG 4501 that the polarized radio continuum emis¬ 
sion is enhanced from ram pressure compressing the mag¬ 


netic fields in the galaxy. The compression of magnetic fields 
from ram pressure was first proposed as an explanation for 
the displacement in the far-infrared—radio continuum corre¬ 
lation observed in cluster galaxies ( Boselli Gavazzi|2006 ). 
If ESO 324-G024 is undergoing ram pressure forces, which 
is likely based on the morphology of the Hi gas, then one 
might expect similar compression of a magnetic field in ESO 
324-G024 and thus, ESO 324-G024 may also have an en¬ 
hancement in polarized emission. Therefore, it is possible 
that ESO 324-G024 has polarized emission, but the fore¬ 
ground emission from Gen A is overpowering that of the 
dwarf galaxy. 


For comparison, Gaensler et al. (2005) find that the 
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Figure 3. Figure continued from previous page 


Large Magallenic Cloud (LMC) has a uniform magnetic field 
Bq rsj l^G and a random field Br ~ 4.1/iG, which gives a 
large-scale, total magnetic field strength Bt ~ 4.3/iG, which 
is similar to our estimated field strength of 5/iG for ESO 324- 
G024. The LMC is also a starburst dirr galaxy in the throes 
of an interaction with our Milky Way galaxy and is similar 
to the interaction between ESO 324-G024 and NGC 5128, 
except for the giant radio lobe present in Gen A. |Gaensler| 
et ah (2005) find a rotation measure dispersion ctrm = 81 


rad m~ for the LMC, which is significantly higher than our 
previously determined threshold of 9 rad m“^ required for 
ESO 324-G024 to show depolarization in the lobe of NGC 
5128 if it were in front of the lobe. If the magnetic fields 
of ESO 324-G024 are compressed from ram pressure forces, 
then the rotation measure variance could be higher than 
that of the LMC, which is not in the presence of a giant 
radio lobe. 


As discussed in O’Sullivan et al. (2013), it is expected 


that the majority of the observed polarized emission at 1.4 
GHz from the lobe is dominated by that from the near 
side because there is internal Earaday rotation in the lobes. 
Therefore, it may be possible that ESO 324-G024 is inside 


the lobe but near the back edge. To see if this is the case, 
we examine the 5 GHz continuum data from lJunkes et al.l 
(1993) since this frequency should be sensitive to the lin¬ 
early polarized emission through approximately the entire 
depth of the lobes. Eigure panels (c) and (d) show the 5 
GHz continuum maps for NGC 5128 with the outer Hi con¬ 
tour of ESO 324-G024 overlaid for reference. Although the 
quality of these data is poor, there is no clear evidence for 
depolarization at the location of ESO 324-G024. 


We see no depolarization signal in the vicinity of ESO 
324-G024 in either the 1.4 GHz or 5 GHz data for the north¬ 
ern radio lobe of Gen A and therefore, we conclude that it 
is most likely behind the lobe. 

Eigure shows a schematic of the assumed distances 
to NGC 5128 and ESO 324-G024 versus declination. This 
schematic shows the uncertainties in the distances to ESO 
324-G024 and NGC 5128 (solid arrows). The measured dis¬ 
tances are consistent with ESO 324-G024 lying within the 
radio lobe if the lobe is in the plane of the sky. However, 
we have shown that ESO 324-G024 is behind the northern 
radio lobe and this puts some constraint on the orientation 
of the lobe and also on the distance to NGC 5128 and ESO 
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Figure 4. Stellar and gas mass surface density profiles for ESO 324-G024. The optical S—band radius at 25 mag arcsec R25, is the 
vertical dashed line marked for reference. 


324-G024: the closer ESO 324-G024 is to the observer (rela¬ 
tive to NGG 5128), the larger the required orientation angle. 
Two possible scenarios are shown in Figure one showing 
the northern lobe inclined by 60° that assumes ESO 324- 
G024 and NGG 5128 are at the same distance and that the 
lobe is as deep as it is wide. The second scenario is the gi¬ 
ant northern radio lobe of Gen A is in the plane of the sky. 
In order for ESO 324-G024 to be behind the lobe in this 
scenario, the distance to NGG 5128 much be less than 3.8 
Mpc and/or the distance to ESO 324-G024 must be farther 
than 3.73 Mpc. On the other hand, the lobes are relaxed 
structures (O’Sullivan et al. 2013) so they are not neces¬ 
sarily symmetric. In this case, material could be at different 
distances along the line of sight. As Struve et al. (2010) have 
already suggested that the northern inner lobe is closer than 
the southern inner lobe, it is probable that the northern lobe 
is inclined toward our line of sight such that ESO 324-G024 
is behind it. 


4 A KINEMATIC PERSPECTIVE 


The distorted Hi morphology of ESO 324-G024 is striking 
and we investigate the kinematics of the gas to help bet¬ 
ter understand the mechanisms responsible for creating this 
morphology. If the Hi tail was formed from tidal interac¬ 
tions, then we would expect the gas kinematics to be dis¬ 


tinct from the circular rotation in the disk (Bournaud et al. 


2004). On the other hand, if the Hi tail was formed from 


stripping via ram pressure forces, then the kinematics of the 


gas will likely resemble the circular rotation of the disk ( Ken¬ 
ney et al.|2014 Chung et al.|2007 ). To see if the Hi tail fol¬ 


lows the motions in the disk, we model the kinematics from 
two different perspectives. First, we use a two-dimensional 
double Gaussian decomposition technique to separate bulk 
motions from non-circular motions. We then apply a two- 
dimensional tilted-ring model to the bulk velocity field to 
determine the rotation curve of the galaxy. Second, we use a 
three-dimensional tilted-ring model that is applied directly 
to the Hi data cube and we compare the results of the two 
methods. 


4.1 Two-dimensional Kinematic Model 

4 . 1.1 Hi Double Gaussian Decomposition 

Tilted-ring modeling to derive rotation curves of disk galax¬ 
ies has evolved greatly in recent times. One of the most im¬ 
portant improvements made to tilted-ring analysis for dwarf 
galaxies is extraction of reliable velocity fields over which the 
rings are parameterized. Dwarf galaxies have shallow grav¬ 
itational potential wells, low shear, and thick disks all of 
which can make it easy for the gas within these systems 
to move about with motions counter to the overall rotation 
of the system. These non-circular motions cause asymme¬ 
tries in an Hi line profile at various locations over the disk 
of a dwarf and they make it problematic to model the rota¬ 
tion curve from a standard intensity-weighted mean velocity 
field. Fitting a single Gaussian to these asymmetric Hi line 
profiles is also a poor way to create a velocity field when non- 
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(a) 1.4 GHz polarization intensity map 



Right Ascension (J2000) 

(b) 1.4 GHz rotation measure synthesis intensity map 


1 no 



Right Ascension (J2000) 

(c) 5 GHz polarization intensity map 



Figure 5. The top two panels are from |0 ’Sullivan et al.|p013| combined with ATGA data and the bottom two panels are from |Jnnkes| 
|et al.| ( [l993| >. The outermost HI contour of ESO324-G024 is shown in white as in Fig 2. We find no evidence for depolarization in the 
radio lobe of NGG 5128 at the location of ESO 324-G024 at either frequency. 


circular motions are present. Therefore, we employ a double 
Gaussian decomposition technique in order to separate bulk 
from non-circular motions. We briefly describe this method 


here and refer the reader to the works by Oh et al. (2008 


2011 2014) for a full comprehensive description. 


In order to separate bulk from non-circular motions, we 
fit one or two Gaussian profiles to each H i line profile at ev¬ 
ery spatial pixel in the data cube. The double Gaussian de¬ 
composition code uses a Bayesian inference criterion (BIG) 
to determine whether a single or double Gaussian profile is 
best fit to each Hi line profile. If two Gaussians is preferred, 
then the velocities obtained from the two peaks are com¬ 
pared to the model velocity field (Figure [7(b) | . The velocity 
that most closely matches the velocity in the model at the 
corresponding spatial location is placed into the bulk veloc¬ 
ity field (Figure [7(a) j ) while the velocity that deviates more 
from the model is placed into one of two non-circular motion 
maps. The strong non-circular motion map (Figure 7(c)[ ), 
contains all velocities which have intensity peaks greater 
than the bulk velocity peak intensity (see Figure 4.1.1| . The 
weak non-circular motion map (Figure |7(d) ), contains all 
outlying velocities which have intensity peaks lower than 


the bulk velocity peak intensity (see Figure 4.1.1). Interest¬ 
ingly, there is a swath of Hi in the tail that is blank in the 
bulk velocity field, yet contains both strong and weak non¬ 
circular motions (see Figure 4.1.1). Perhaps this non-circular 
motion Hi gas is the result of stripped material from either 
ram pressure or tidal forces. 


4 . 1.2 Tilted-ring model and Hi rotation eurve 

We use the bulk velocity field from Figure [^ and apply a 
tilted-ring model to derive the rotation curve of ESO 324- 
G024. We blank any residual noise in the bulk velocity field 
by using the integrated intensity map from Figure [^ as a 
mask. Then, we use the GIPSTjjtask rotcur to fit consec¬ 
utive rings with spatial thicknesses of 66" , which is equal to 
the resolution. The tilted-ring model solves a set of orbital 
parameters for each ring independently initially and these 
parameters are XPOS, YPOS (the galaxy kinematic centre 


The Groningen Image Processing SYstem (GIPSY) has been 
developed by the Kapteyn Astronomical Institute. 
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Figure 6. Declination versus distance for NGC 5128 with the northern radio lobe and ESO 324-G024. We plotted a single contour at 
3900 K of the continuum data in Figure^ (black contour) and made the assumption that the northern radio lobe is as deep as it is wide. 
Our viewing angle is from the left as indicated by the eye in the plot. The solid arrow represents the distance uncertainty for NGG 5128 
as determined from the tip of red giant branch from [Harris et ar] ( |2010| >. The lobe shown at an angle of 60° (blue contour) is to suggest 
one possible orientation for the northern lobe if NGG 5128 and ESO 324-G024 are at the same distance. The dashed line is to guide the 
eye to show that the lobe projected on the sky extends roughly ~300 kpc in projection at 3.73 Mpc if it were in the plane of the sky and 
^^500 kpc if it were inclined by 60° . 


position), INCL (the inclination of the disk), PA (kinematic 
major axis of rotation), VEXP (expansion velocity, which we 
fix to zero), VSYS (the systemic velocity), and VROT (the 
rotation of the disk). Each parameter is fixed one at a time 
until all that remains is VROT. This is our initial estimate of 
the rotation curve and its corresponding kinematic parame¬ 
ters. Once achieved, we then allow one additional kinematic 
parameter to vary at a time and cycle through the tilted 
ring model with multiple iterations in order to hone in on a 
convergent solution for each parameter. The final values for 
the orbital elements are given in Table and the resulting 
rotation curve is shown in Figure We calculate the errors 
on the two-dimensional rotation curve using the following 
equation from de Blok et al.j ( |20Q8| ) : 


errori^rot = 


(Prot,approaching Prot, receding) 

IRO 


+ K 


rotjCr 


1/2 


(3) 


where Vot,approaching IS the rotation velocity of the approach¬ 
ing side, Vrot,receding IS the rotation velocity of the receding 
side, and Vrot,cT is the fitted error on the rotation veloc¬ 
ity derived using both sides. For more details on the two¬ 


dimensional tilted-ring model, see e.g., Rogstad et al. (1974); 


Begeman (1987 1989); de Blok et al. (2008); Oh et al. 
2011||2014D. 


(2008 


4.2 Three-dimensional kinematic model 

In order to get a better understanding of the kinematics 
in ESO 324-G024 we also construct a tilted ring model di¬ 
rectly from the data cube, i.e. in three dimensions. For this 


we use the Tilted Ring Fitting Code (TiRiFiC, Jozsa et al. 
2007). Because there are only a few independent resolution 


elements over the morphological major axis of the galaxy, 
we limit the amount of parameters to be fit. The typical 


Zschaechner et al. ] ( [MTt . For ESO 324-G024, we let the 
surface brightness (SBR), rotational velocities (VROT), po¬ 
sition angle (PA) and inclination (INCL) vary as functions 
of radius and additionally fit the scale height (ZO) as a single 
value. 

We initially assume that all the Hi emission is on cir¬ 
cular orbits and therefore, we fit all the orbital parameters 
for the approaching and receding sides of the galaxy inde¬ 
pendently with the exception of the rotation curve, which 
is kept the same for both sides. Figure shows the final 
parameters of this model in the panels on the left and on 
the right, the velocity fields for the data and the models, as 
derived with a Gaussian-Hermite fit. 

The model where the disk is fit as a whole and includes 


fitting process is described in Kamphuis et al. (2011) and 


the tail (Model 1, Figure 10) performs well. The centre of 
the model at Vsys=519.8 km s“^, RA=13^ 27”^ 37.9® and 
DEC=—41° 29' 3" is similar to the optical position centre. 
This is remarkable as we are treating the tail as being part 
of the circular rotation in this galaxy. Therefore, one would 
expect the tail to drive the model centre away from the op¬ 
tical centre if the velocities were very distinct from circular. 
This model gives a reasonable fit up to a radius of 2'5 and 
beyond this, the PA and inclination angles begin to vary, 
which may suggest that this model does not match the data 
well at these radii (see Figure p^. 

We conclude that the gas in the tail is likely stripped 
from the galaxy because the velocities in the tail follow those 
expected from circular motion with a rotational centre po¬ 
sition that is not distinct from the optical center. 

As the tilted ring model should only be applied to emis¬ 
sion on circular orbits we refit the data with a single circular 
disk which is truncated at 2.5'. In this way we try to fit the 
main disk and ignore the tail. In order to not artificially 
shift the model towards the tail we keep the positional cen¬ 
tre (RA, DEG) fixed to the position found in the previous 
model and only refit it, by itself, after finding a good fit to 
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13 ^ 28 "^ 10 ^ 28 "^ 00 ^ 27 ^^ 50 ^ 27 "^ 40 ^ 27 '“ 30 ^ 27 "^ 20 ® 


Right Ascension (J2000) 

(a) Bulk velocity field 



Right Ascension (J2000) 

(b) Model velocity field 





Right Ascension (J2000) 

(c) Strong non-circular motion velocity field 



Right Ascension (J2000) 

(d) Weak non-circular motion velocity field 


Figure 7. The results of the double Gaussian decomposition method for modeling the gas kinematics in ESO 324-G024. The outer Hi 
intensity contour from Figure is overlaid for reference and is at Nm = 2 x 10^° cm“^. These velocity fields have been masked using 
the integrated intensity map from Figure so that only real emission is used in the tilted-ring analysis. Locations marked ‘a’, ‘b’, T’, 
and ‘d’ indicate the locations at which line profiles were extracted and shown in Figure See text for more details. 


Table 2. Hi kinematic parameters for ESO 324-G024 


Parameter 2-D Model 3-D+tail Model 


Kinematic centre (Xpos, Epos) 
Kinematic Major Axis PA 
Inclination, zhi 
W ys (km s“^) 

Pmax (km S ^) 

I4iaxSin(zHl) 

-Rmax (kpc) 

^dyn (Mq) 


(13h27"^35.9% -41° 28' 42.0" ) 
253° 

58° 

527 

54 

46 

5.97 

4.0 X 10^ 


(13h27"^37.9% -41° 29' 3.0" ) 
238° 

64° 

520 

48 

43 

6.26 

3.4 X 10^ 


the disk. Additionally, we only fit a flat disk (PA, INCL one 
value) as there are only a few resolution elements over the 
morphological major axis of this disk. 

Figure shows the model velocity field in the bottom 
right panel (Model 2) and the parameters are shown by the 
blue dashed lines in the left hand panels. The first thing that 
becomes clear is that the PA appears offset when compared 


to the velocity field of the data (top left panel). However, 
this seems to be an artifact of the representation in velocity 
fields as a visual inspection shows that the emission in the 
data is traced well by this model. The rotation curve is not 
corrected for asymmetric drift because this correction results 
in roughly a channel width for ESO 324-G024, i.e. ~4 km 
s“^. One interesting, albeit poorly constrained, parameter 
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Ra: 13*' 27“ 35.94® (J2000) 

Dec: -41° 29' 42.45" (J2000) Bulk 



Velocity (km/s) 
Ra: 13*' 27“ 30.60® (J2000) 



Velocity (km/s) 


Ra: 13*' 27“ 49.81® (J2000) 
Dec: -41° 26' 10.29" (J2000) 



Figure 8. Line profiles extracted from the Hi data cube to demonstrate the separation of bulk from non-circular motions. The letters 
in the upper left corner of each panel correspond to the locations where the line profiles were extracted and are shown in Figure The 
profile in panel (a) shows an example of a single Gaussian as the best fit model, thus, only the bulk velocity field in Figure [7(a) [ contains 
emission at this location. Panel (b) shows an example of two Gaussian components with strong non-circular motion gas as the higher 
intensity peak, while panel (c) shows an example of weak non-circular motion gas as the lower intensity peak compared to the bulk 
motion velocity. Panel (d) shows an example of both strong and weak non-circular velocity gas with no bulk motion in the tail. 


in the model is the scale height, which is nearly 40^' (720 
pc) meaning the disk appears very puffed up. 


By subtracting Model 2 (bottom right panel in Figure 
10) from the data (top right panel in Figure 10) we can 


make some estimates on the mass of tail. If we apply the 
data mask as created by SoFiA (Serra et al. 2015) to the 
residual cube, we are left with the emission shown in Figure 
ini From this process, we estimate that there is a total of 
7.4 X 10^ Mq of Hi gas in the tail, which is ~36% of the 
total emission. It must be noted that this is a very crude 
approximation. Additionally, from the surface brightness in 
Model 1 in Figure [^ we get an average surface density 
of 8.8 M© pc“^ for the inner disk and 1.7 M© pc“^ in the 
tail for the remainder of the disk from the two disk model. 


In conclusion, we find that the kinematics of the tail 
in ESO 324-G024 closely resembles the velocities of those 
expected from circular rotation in the disk. Therefore, we 
find that the ram pressure is the most likely mechanism 
responsible for the creation of this Hi feature. 


4.3 Comparing the two- and three-dimensional 
kinematic models 

As we see in Figure [^ the rotation curves derived from 
the two- and three-dimensional models agree well to within 
the errors. Upon comparing the kinematic parameters of 
the models (see Table |^, we find that the two-dimensional 
model finds a higher PA and a lower i than the three- 
dimensional model, yet the UmaxSin(z) values agree to within 
a channel width. 

The differences between the two- and three-dimensional 
models are most likely attributed to the low surface bright¬ 
ness in the tail and the poor spatial resolution of the H i data 


in the disk of ESO 324-G024. According to Bosma (1978), 


the minimum number of spatial resolution elements within 
the Holmberg radius (i.e., the H—band optical radius at a 
surface brightness of 26.5 mag arcsec“^) required for deter¬ 
mining reliable two-dimensional rotation curves is approx¬ 
imately seven. Kamphuis et al. (in preparation) finds ap¬ 
proximately six resolution elements are required for reliable 
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R (kpc) 


R (kpc) 


Figure 9. (a): Rotation curves for ESO 324-G024 as determined from applying the tilted-ring model to the two-dimensional bulk 
velocity field shown in Figure |^(yrot, 2D, open circles) and from the three-dimensional tilted-ring model, discussed in Section [4.2| for the 
disk model with the Hi tail (Rrot,3D+tail5 open squares) and disk model without the Hi tail (Rrot,3D-tail5 asterisks), (b): The velocity 
contributions to the average rotation curve (Rrot,avg, triangles) derived from modeling the mass surface densities of the stars (dashed 
line) and gas (dotted line) together with the total baryonic contribution determined from the combined stars plus gas velocities (solid 
line). The dot-dashed line shows the dark matter contribution to Rrot,avg- 


three-dimensional modeling. ESO 324-G024, on the other 
hand, contains only about four spatial resolution elements 
over its Holmberg radius. 


It is not clear if the tail in ESO 324-G024 is, in fact, 
rotating in circular motion as the three-dimensional model 
suggests and therefore, it may not be appropriate to model 
this gas with the tilted-ring model. The two-dimensional 
model finds that a large portion of the H i tail contains both 
strong and weak non-circular motions and no bulk motion. 
The three-dimensional model, on the other hand, fits for the 
surface brightness in addition to the orbital parameters. In 
the region of the Hi tail, we find that the Hi is at low sur¬ 
face brightness with velocities over a wide range of channels. 
Figure |4 .1.1 1 shows a line profile with a peak at only 40 mJy 
at the location of the tail and has a total velocity range 
of roughly 100 km s“^. Thus, when modeling this low sur¬ 
face brightness, broad Hi gas in three-dimensions, the model 
finds Hi that agrees with circular velocity at the locations 
of the tail. Therefore, it may appear as though the two- and 
three-dimensional models do not agree in the tail, but, this 
is simply due to the broad, low surface brightness Hi at 
that location. The poor spatial resolution together with the 
broad H i tail emission means that the shape of the rotation 
curves in Figure may not be reliable, however, our maxi¬ 
mum rotation velocity is robust as the two models agree to 
within the channel resolution. 


Figure 12 shows four position-velocity (P-V) diagrams 


extracted from the Hi data cube. In panels (a) and (b), 
we overlay the respective rotation curves for the two- and 
three-dimensional models, respectively. What is evident in 
these P-V diagrams is that along the position angle fitted in 
the 3D (model 1) more of the gas in the the tail is captured. 
Indicating that this model is the model that is most affected 
by the gas in the tail. Both models show no emission on 
the receding side of the galaxy beyond a radius of 
(2.7 kpc), which implies that the Hi tail is responsible for 
determining the circular velocities at these large radii. 


If we accept that the tail is rotating in a circular motion 
and thus, is appropriately fitted with the tilted-ring analy¬ 


sis, then we estimate a maximum rotational velocity for ESO 
324-G024 by averaging the velocities of the two- and three- 
dimensional models together to produce the rotation curve 
shown in panel (b) of Figure]^ and find < Vnax > ~ 51 zb 5 
km s“^. The error on this value and the error bar shown in 
the bottom right corner of panel (a) in Figure]^ is represen¬ 
tative of the difference between the inclinations of the two- 
and three-dimensional models when applied to < Vmax > 
sin(zif/). From the virial theorem, we find a total dynamical 
mass of 3.7 x 10^ Mq at a radius of 6.1 kpc, the average 
radius at which < Vkiax > was determined. 


5 DISCUSSION 

In the previous sections, we have determined that ESO 324- 
G024 must be behind the northern radio lobe of Gen A based 
on the lack of depolarized signal in the polarized intensity 
and rotation measure maps of Gen A at the location of ESO 
324-G024. We have also studied the kinematics of the Hi in 
ESO 324-G024 and find that the galaxy has a non-circular 
motion Hi cloud toward the end of a long, 3.5 kpc tail ex¬ 
tending away from the core of NGG 5128. The Hi tail ap¬ 
pears to have motions suggesting that it is rotating circu¬ 
larly similar to the rest of the disk. Here, we explore the 
implications of these results. 


5.1 The effect of tidal forces on ESO 324-G024 


To better understand what the role of the gravitational 
forces are on ESO 324-G024, we begin by looking at the 
possibilities of harassment by other galaxies. [Smith, Davies,] 
& Nelson (2010) study the affects of harassment on Virgo 


Gluster dirr galaxies and define harassment from the liter¬ 
ature as “the effects of repeated and numerous long range 
tidal encounters in the potential well of the cluster.” In this 
sense, as ESO 324-G024 is in a small galaxy group, harass¬ 
ment events are unlikely because of the low frequency of 
encounters and the low velocities at which these encounters 
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Figure 10. Left Panels: Parameters of the tilted ring model as a function of radius; the red lines are the receding (western) side and the 
black-dashed lines are the approaching (eastern) side in the model where we fit the receding and approaching sides independently and 
included the emission from the Hi tail (Model 1). For several of the parameters, the red and black-dashed lines overlap, thus indicating 
agreement between the receding and approaching sides. The blue lines represent the model where we fit the disk as a whole without the 
emission from Hi tail (Model 2). Right Panels: Hi velocity fields for the data (top), the three dimensional model that includes the Hi 
tail (middle), and the three dimensional model without the Hi tail (bottom). 


occur; the average velocity disper sion in the Centaurus A 
galaxy group is only 114 km s“^ (van den Bergh 2000) as 


determined from the radial velocities of 30 group members. 



potential cause of the Hi tail in ESO 324-G024. 


In most popular models and observations of tidal inter¬ 
actions in gas-rich galaxy mergers, tidal interaction creates 
two tidal tails, approximately symmetric, at the near and 
far end of the galaxy towards the other galaxies’ direction, 
respectively (e.g., Hibbard fc Yunp999 Hibbard||2000 Hi¬ 


bbard, Vacca, & Yun 2000). This is not the case in ESO 


ture likely not from tidal forces as no symmetric counter tail 
is observed. 

According to the models by [Smith, Davies, fc Nelson] 


(2010) for the Virgo Cluster dirrs, the effects of tidal forces 


324-G024, which has only a single Hi tail, making this fea¬ 


produce only mild signatures in the stars, which include 
short-lived tidal tails and very low surface brightness stellar 
streams. They also show that tidal encounters can induce Hi 
tidal structures in the gaseous disks and bar-like formations 
in the central regions. During these episodes, the models 
show enhancements in SERs. The authors state that these 
SER increases can be periodic as the tidal encounters stretch 
out and lower the gas densities thus, lower SERs, and then 
compress the gas, which in turn increases SERs. However, 
these features seem to be short-lived. 

Eor ESO 324-G024, we have previously shown that its 
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15.0' 28“’00.0' 45.0' 30.0' 13‘’27”’15.0' 

RA (J2(K)0) 


Figure 11. Integrated intensity map of the data minus the one disk model. The Hi emission is predominantly from the tail in ESO 
324-G024 and the white oval demarcates the optical H—band radius at 25 mag arcsec“^. 


SFR is in the realm of a weak starburst dirr, thus, tidal 
forces may be a potential mechanism for this episode of star 
formation. We notice a slight ‘S’-like pattern in the Hi in¬ 
tensity contours (see Figure [^, which may be an indication 
of weak spiral arm-like structures in the gas disk. However, 
the spatial resolution of the Hi data is not enough to deh- 
nitely determine if this ‘S’-like morphology is real. On the 
other hand, we see no clear evidence for tidal tails in the 
stellar disk or of a bar-like formation in the central regions 
in either the Hi or stars. 

An analytical approach to determining whether tidal 
forces are responsible for creating the Hi tail is to estimate 
the tidal radius, tt, of ESO 324-G024. According to [Read ^ 
ah (2006), the tidal radius is the radius at which a star be¬ 


longing to a satellite system orbiting a host galaxy becomes 
unbound or stripped from the satellite and instead becomes 
bound to the host. We use the Jacobi approximation that 
assumes that the interacting systems are point masses such 
that M » m and determine the tidal radius in a similar 
manner to 


see § 7.3): 


Read et al. (2006) and Binney & Tremaine (1987 


tt 


R 


M(3 + e) 


1/3 


(4) 


where R = 125 kpc is the true distance from ESO 324-G024 
to the centre of NGG 5128 using a projected distance of 104 
kpc and a distance along the line of sight of 70 kpc (see 
Eigure|^, m = 3.7 x 10^ Mq is the mass of ESO 324-GO24, 


M = 1.3 X 10'^ Mq is the mass of NGG 5128 (Woodley 


|et al.|[2007| and e is the eccentricity of the orbit of ESO 
324-G024 about NGG 5128. If we assume that both systems 
are in circular orbits about the center of mass (i.e., e = 0), 
then we hnd tt = 12 kpc, twice the maximum radius of 
ESO 324-G024, which is at most 6 kpc measured from the 
centre to the end of the Hi tail. If we assume that ESO 
324-G024 is on a hyperbolic orbit about NGG 5128 where 
e = 1, we hnd that tt = 11 kpc, which is still beyond the 
maximum Hi radius. Similarly, if we assume the host galaxy 
is a singular isothermal sphere rather than a point mass. 


then tt increases by a factor of 1.145 (Binney & Tremaine 

T^. 


In addition, we determined the relaxation timescale, 
which is the time necessary for a galaxy to have its orbit 
perturbed by a tidal interaction and is derived with the fol¬ 


lowing from Bosehi & Gavazzi (2006): 


Relax — 0.1 I 


yi/yVinVgai/ 

where D = 526 kpc (Karachentsev et al.||2002) is the diam- 
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Figure 12. Position-velocity (P-V) diagrams extracted along four position angles (PAs) measured east from north with a width of 66" 
equal to the spatial resolution of the Hi data. Panel (a) is the kinematic major axis of the two-dimensional model, (b) is the kinematic 
major axis of the three-dimensional model, (c) is the kinematic minor axis of the average between the two- and three-dimensional models, 
and (d) is the region of the Hi tail. The center positions of the diagrams in panels (a) and (b) are the kinematic centers shown in Table 
The center position for panel (c) is the average of the kinematic center positions derived from the two- and three-dimensional models. 
The center position of panel (d) is at (13:27:47.7, —41:27:10.3), which is to show the emission in the Hi tail. In all panels, the black 
contours show the Hi intensities while the red contours show the three-dimensional kinematic model intensities (at the same intensity 
levels) for the model that includes the Hi tail. 


eter of the group, 6 V = 114 km ( van den Bergh||2000 ) 
is the group velocity dispersion, and A^gai = 31 (van den 
Bergh 2000 Karachentsev et al. 2002) is the number of mem¬ 


ber galaxies in the group. We find treiax = 4 Gyr for ESO 
324-G024, which is larger than the crossing time of 3 Gyr 
( Karachentsev et al.| 2002 ) for the Gentaurus A galaxy group 
and indicates that tidal encounters are likely not common 
for ESO 324-G024. 

It has been suggested in the literature that one of the 
likely mechanisms for creating starbursts in dwarfs is the 
tidal interaction of a dwarf-dwarf galaxy p air ([McQuinn 


et al.j|201C)a|b[ [Johnson et al.|[20T^ |Johnson||2013| [Nidever 

et al.|2Q13| and references therein). The closest dwarf galaxy 
to ESO 324-G024 is the dwarf spheroidal galaxy KK197 
( Karachentsev, Makarov, Kaisina|2013' ), which has a dis¬ 


tance of 3.87 Mpc as determined from the tip of the red 
giant branch. KK197 is at a projected distance of 114 kpc 
from ESO 324-GO24 and if we assume that these dwarfs are 
moving at the mean velocit y dispersion of the Ge ntaurus A 
galaxy group, 114 km s“^ ( van den Bergh|[2000 ), then it’s 
been at least 1 Gyr since the two were coincident. This makes 
the likelihood of an interaction with KK197 an improbable 
situation to have created an Hi tail because gaseous tidal 
tails generally exist for < 1 Gyr from the initial galaxy en¬ 
counter before they dissipate into the intergalactic medium 
( Toomre]|1977 ). 


In conclusion, tidal forces alone do not appear to be 
enough for the creation of the Hi tail in ESO 324-G024. 
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5.2 The effect of ram pressure on ESO 324-G024 


It was first suggested by Fritz et al. (1997) that ESO 324- 
G024 is being affected by ram pressure and undergoing strip¬ 
ping of its Hi gas based on its striking morphology. We ex¬ 
plore this situation further and expand on their work in this 
section. 

To begin, we derive the peculiar velocity, Ipec, of ESO 
324-G024 by first determining the expected velocity from 
the Hubble flow, Vu nh, using a Hubble co nstant of 69.32 ± 
0.80 km s“^Mpc“^ (Bennett et al. 2013) and find Vuuh = 
260 km s“^. This velocity subtracted from the Local Group 
standard of rest velocity, Elg = 282 km s“^ (ascertained 
from the average of the systemic velocities given in Table 
1^ and transformed in NEE[^, implies that ESO 324-G024 
has Epee = Elg — EhuS = 22 km s“^. This slightly positive 
Epee together with the head-tail morphology suggests that 
ESO 324-G024 is traveling through the galaxy group in the 
direction of the head away from our line of sight and thus, 
the orientation of ESO 324-G024 is such that the tail is 
closest to us while the head is furthest from us. Because 
the dwarf is behind the northern radio lobe of Gen A, it is 
plausible that the dwarf passed through the lobe and is now 
on the far side. However, depending on the lobe’s inclination 
to our line of sight and the orbital path of ESO 324-G024, 
it may have only passed through part of the lobe or grazed 
its posterior outer edge. 

In support of ram pressure as the dominant force acting 
on ESO 324-G024 and creating the Hi tail, we examine the 
individual channel maps shown in Eigurej^ What is aston¬ 
ishing in this figure is that at the location of the western 
edge of the optical disk (delineated by the black oval), the 
Hi intensity is sharply truncated at all velocities. We can 
also see evidence for Hi compression as the black intensity 
contours in the channel maps are packed closely together 
near the western edge of the optical disk and are more sep¬ 
arated toward the tail. These features imply that an IGM 
wind is likely blowing in the face of ESO 324-G024 as it 
moves through the Gen A galaxy group. 

The minimum amount of ram pressure that ESO 324- 
G024 would need to cause stripping can be estimated from 


Gunn & Gott (1972 equations 61 & 62): 


Pram = PIGM > 2-7rGEgasE* = 10 Cm ^ (6) 

where pigm is the density of the intergalactic medium 
(IGM), Ugai = 197 km s~^ is the velocity dispersion of the 
group (114 km s“^; van den Bergh|[^0QQ ) times the square 
root of three to account for the motion of the galaxy in the 
plane of the sky, G is the gravitational constant, T^gas = 4.9 
X 10^° cm“^ is the average gas mass surface density over the 
disk, and E* = 9.3 Mq pc“^ is the average stellar mass sur¬ 
face density out to the optical R 25 radius determined from 
the profile in Eigure|^ 

Gomparing this IGM density with the thermal gas num¬ 
ber density inside the radio lobe of Gen A of ~10“^ cm“^ 


from O’Sullivan et al. (2013), it would appear that the 


medium inside the lobe is not dense enough to strip the 
Hi gas of ESO 324-G024. It is important to note, however, 
that the thermal gas number density derived by |0’Sullivan| 
et al. (2013) is a volume average and that the density at the 


edge of the lobe could be higher. Kraft et al. (2009) deter¬ 
mine a density of ~ 10“^ cm“^ at a radius of roughly 35 kpc 


from the core of NGG 5128. Bouchard et al. (2007) study 


the Hi content in some of the companion galaxies in the 
Gentaurus A galaxy group and find that there is a lack of 
Hi detected in their targets. They speculate that the galax¬ 
ies without Hi were stripped of their gaseous components 
and they determine that an IGM density of ~ 10~^ cm“^ 
is necessary to cause such stripping in the galaxies around 


NGG 5128. However, Eilek (2014) state that a density of 


10 ^ cm ^ could also explain the stripping of the Hi con¬ 
tent in the companion galaxies of NGG 5128 when following 


the formalism of Gunn & Gott (1972). Thus, it is possible 


that the density of the medium of the lobe through which 
ESO 324-G024 passed is somewhere between 10“^ — 10“^ 
cm“^. 

Our simple calculation in Equation does not take into 
account the velocity of the particles inside the lobe of Gen 
A. If we set pigm = 10“^ cm“^ in equation and replace 
Ugai with utot, where utot = %ai + '?^iobe is the total velocity 
experienced by ESO 324-G024 as it moves through the radio 
lobe (its velocity through the galaxy group, Ugai plus the 
velocity of the medium inside the lobe of Gen A, uiobe), 
then we determine that the total velocity required for the 
stripping of the Hi disk of ESO 324-G024 is utot = 330 km 
s“^. If Ugai = 197 km s“^, then uiobe = 133 km s“^. Eilek 


(2014) provides some estimates for the outflow speeds that 
range from 480 - 9800 km s“^ with the most probable model 
being the low velocity end of this range. It is likely that the 
wind direction of the lobe is not in perfect alignment with 
the direction of the galaxy through the IGM, thus there may 
be only a partial velocity component from the lobe that is 
actively driving the ram pressure force on ESO 324-G024. 


Therefore, the velocity range from Eilek (2014) appears to 


be in good agreement with our approximate estimate for the 
lobe velocity acting on ESO 324-G024. 


In comparison. Smith et al. (2013) model the ram pres¬ 


sure force on tidal dwarf galaxies with no dark matter halos 
and compare them to dirr galaxies with dark matter halos. 
We find a striking similarity to the model for a dIrr galaxy 
with a dark matter halo undergoing a ram pressure wind 
speed of 400 km s“^, which is similar to the total velocity 
estimate of utot = 330 km s~^ required for ESO 324-G024. 


Smith et al. (2013) show that dirr galaxies enveloped in 


^ NASA/IPAC Extragalactic Database 


dark matter halos that undergo ram pressure forces with a 
wind speed of 400 km s“^ have relatively undisturbed stel¬ 
lar disks and long Hi tails that matches what we observe in 
ESO 324-G024. 

The timescale, r, over which a ram pressure stripping 
event occurred in ESO 324-G024 can be estimated by simply 
taking the length of the tail (which is 3.5 kpc as measured 
from Eigure 11) and dividing it by the velocity difference, 
= 54 km s“^, between the stripped material and the 
systemic velocity of the galaxy. Then, if we assume that 
is purely in the radial direction and that stripping is 
constant with time, we determine the minimum time since 
the onset of the stripping is r ~ 63 Myr. It is likely that 
Udiff is not purely radial, in which case r would be higher. 

If ESO 324-G024 is traveling through the galaxy group 
at 114 km s“^, then it has traveled about 7 kpc in 63 Myr. 
This distance is roughly equal to the length of the white box 
in Eigure which is remarkably small compared to the 
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large lobe of Cen A. If ESO 324-G024 had passed through 
the full depth of the northern radio lobe of Cen A, then it 
would have been exposed to ram pressure forces from the 
lobe for > 2 Gyr (the length of time required to travel the 
full 200 kpc dearth of the lobe at 114 km s“^). This length 
of time would likely have stripped all of the Hi from ESO 
324-G024. Therefore, we conclude that ESO 324-G024 is on 
its first approach and is just now coming in contact with the 
posterior outer edge of the northern radio lobe of Cen A. In 
addition, our estimated ram pressure timescale of 63 Myr is 
similar to what is observed in other cases of ram pressure 
stripping like the Coma Cluster and the Virgo Cluster where 
ram pressure occ urs quickly over short timesca l es on the 
order of ~10^ yr (Abadi, Moore, V Bower||l999 Boselli et 

ni[ 2008 t 


Stefan et ah (2013) compare ROSAT All Sky Survey 


data with their radio continuum data from PAPER (Par- 
[sons et aT]|2010| the Donald C. Backer Precision Array for 
Probing the Epoch of Reionization) and report on a north- 
south X-ray filament that was first discovered by |Arp| ( [l994| ). 
Arp (1994) analyzed a 10° x 10° region centered on NGC 


5128 using the ROSAT X-ray emission data and discovered 
a diffuse X-ray filament that extends nearly five degrees on 
the sky in a northeastern direction at a position angle of 
about 53° . Arp also identifies diffuse X-ray emission north 
of NGC 5128 at a position angle close to zero. In Eigure 2 
of Arp (1994), we see that ESO 324-G024 is coincident with 
a patch of hard X-ray emission north of NGC 5128. It is 
argued that this hard X-ray emission is associated with hot 
ionized gas in the outer edges of the giant radio lobes. If 
ESO 324-G024 passed through the lobe of NGC 5128, then 
it would have passed through this hot ionized gas, which is 
the likely source for the ram pressure. 


6 SUMMARY CONCLUSIONS 

6.1 Geometric Orientation of ESO 324-G024 with 
respect to NGC 5128 


We find that ESO 324-G024 may be undergoing a starburst 
episode as defined by McQuinn et al. ( 201Qa|b ) and there¬ 
fore, likely has enough magneto-ionic material with which 
to cause depolarization if it were in front of or inside the 
northern radio lobe of Cen A. Erom the 1.4 and 5 GHz con¬ 
tinuum data of NGC 5128, we find no depolarization sig¬ 
nature in the northern radio lobe at the location of ESO 
324-G024 and therefore, we conclude that ESO 324-G024 is 
most likely behind the northern radio lobe of Cen A. Be¬ 
cause ESO 324-G024 is behind the northern lobe of Cen A, 
we can place limits on the possible orientations of the lobe 
and the relative distances of ESO 324-G024 and NGC 5128. 
One possible scenario (assuming that the distance to ESO 
324-G024 and NGC 5128 is the same and that the lobe is as 
deep as it is wide) is that the northern radio lobe of Cen A 
is inclined by 60° toward our line of sight. 


6.2 Kinematic Hi results in ESO 324-G024 


Using a two-dimensional double Gaussian decomposition 
technique from Oh et al. (2008 2011), we separated bulk 
from non-circular motions and find a non-circular motion 


cloud at the end of the Hi tail in ESO 324-G024 that is off¬ 
set by —20 km s~^ from the circular velocity of the model 
velocity field. We applied a tilted ring model to the bulk 
velocity field and find a maximum rotation speed of 54 km 
s“^. We also applied a tilted ring model directly to the Hi 
data cube of ESO 324-G024, i.e., in three dimensions, and 
derived a maximum rotation speed of 48 km s“^.The kine¬ 
matic modeling highlights that the Hi tail of ESO 324-G024 
appears to follow the expected circular rotation velocity de¬ 
spite its extended morphology. If we average together the 
two maximum rotation speeds from the two independent 
kinematic models, we determine a maximum rotation veloc¬ 
ity of 51 ± 5 km s“^ for ESO 324-G024, which produces a 
dynamical mass of 3.7 x 10^ Mq at a radius of 6.1 kpc. We 
derived a total Hi mass of 1.3 x 10® Mq for ESO 324-G024 
from integrating the Hi intensities and we find an average 
Hi mass surface density, S^, of 8.8 M© pc“^ in the disk and 
1.7 M© pc“^ in the tail. 


6.3 Tidal Force versus Ram Pressure 


We calculate a tidal radius, rt = 11 kpc for ESO 324-G024, 
which is nearly double the maximum Hi radius and thus, 
tidal forces do not appear to be the cause of the Hi tail in 
ESO 324-G024. ESO 324-G024 has only one tail in its gas 
disk rather than two symmetric tails as would be expected 
if tidal forces were present. ESO 324-G024 has a slightly 
positive peculiar velocity, which suggests that it is receding 
from our line of sight and implies that the galaxy may 
have passed through the northern radio lobe of Cen A. 
The minimum IGM density required to create the Hi tail 
in ESO 324-G024 is pS = lO"® cm-^ if the lobe IGM 
is at rest. Assuming a lobe density of 10“^ cm“® from 


O’Sullivan et al. (2013), the required total velocity is utot 


= 330 km s“ , which requires a minimal lobe speed of uiobe 
= 197 km s“^. We estimate the minimum timescale, r = 
63 Myr, over which the ram pressure stripping has occurred. 


In conclusion, we find that the most likely mechanism 
for creating the Hi tail in ESO 324-G024 is ram pressure 
stripping as the dirr galaxy passed through the northern 
radio lobe of NGC 5128. 
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